The problems of delay-dependent robust stability and stabilization for continuously singular timedelay systems with norm-bounded uncertainties are investigated in this paper. Based on a Lyapunov functional, which includes some non-positive items, the modified delay-dependent LMIs-based conditions are established for the singular time-delay systems to be regular, impulse free, and stable. Then, by solving the obtained LMIs, the state-feedback control law can be obtained. These conditions are also extended to the uncertain case. Finally, numerical examples are given to illustrate that the proposed results are effective and less conservative than the existing ones.
Introduction
Singular system, is also referred to descriptor systems, implicit systems, generalized states-pace systems, differential-algebraic systems, or semi-state systems, is found in many areas such as engineering systems, social systems, economic systems, network analysis, biological systems, timeseries analysis, etc. [1, 2] . During the past decades, considerable attention has been paid to singular system due to the fact that singular systems can describe physical systems better than regular ones [3, 4, 5] . Because it requires the consideration of not only stability robustness, but also regularity and the absence of impulses (for continuous singular systems) or causality (for discrete singular systems) simultaneously, the control of singular systems can not be easily treated as that of regular systems. 
Description of Problem and Preliminaries
Consider an uncertain singular time-delay system described by [1, 9, 10, 11, 13, 16] Eẋ (t) = (A + ∆A)x (t) + (A d + ∆A d )x (t−d) + (B + ∆B)u(t),
where x (t) ∈ R n is the state variable, d is a constant time delay andd is a constant satisfying 0 ≤ d ≤d, Φ (t) is a compatible initial value at t. The matrix E ∈ R n×n may be singular and rank E ≤ n is assumed. A, A d and B are real constant matrices with appropriate dimensions.
∆A, ∆A d and ∆B are norm-bounded parametric matrices, and are assumed to be of the following form:
[∆A,
where M , N 1 , N 2 , N 3 are known constant matrices with appropriate dimensions. F (t) ∈ R k×s is an unknown parameter matrix satisfying
The nominal unforced singular time-delay system of Eq. (1) can be described as
The following definitions and lemmas will be used in the proof of the main results.
Definition 1 [15] (i) The pair (E, A) is regular if det(SE − A) is not identically zero; (ii) The pair (E, A) is said to be impulse free if it is regular and deg {det(SE −
Definition 2 [15, 16] [5] Given any matrices X, V and U with appropriate dimensions such that U > 0.
Lemma 2 [17] Given matrices χ, µ and ν with appropriate dimensions and with χ symmetrical,
Main Results
In this section, the delay-dependent conditions for system (1) to be robustly admissible and stabilizable are presented. As a basis, we first study system (4) and obtain the following theorem. 
Theorem 1 For a prescribed scalard > 0, the singular time-delay system (4) is admissible for any constant time delay
where L ∈ R n×(n−r) is any matrix with full columns and satisfies E T L = 0, and
Proof Under the conditions of Theorem 1, it is first shown that the system (4) is regular and impulse free for any time-
. Then, preand post-multiplying Eq. (5) by H and H T , respectively, it is possible to obtain
Form Eq. (7), we have
Since rank E = r ≤ n, there exist two nonsingular matricesM andÑ such that
where L 1 ∈ R (n−r)×(n−r) is any nonsingular matrix, and I r ∈ R r×r is an identity matrix. Then, pre-and post-multiplying Eq. (8) byÑ T andÑ , respectively, it is possible to obtain
Here "♢" representing the matrix blocks are irrelevant to the following discussion, the real expression of these two variables are omitted here. From Eq. (9), it is possible to obtain that
It can be shown that A 4 is nonsingular. Thus the pairs (E, A) is regular and impulse free [15] , that is to say, the system (4) is regular and impulse free.
Then, we are in a position to show that system (4) is stable under the conditions of Theorem 1. Choose a Lyapunov-Krasovskii functional candidate as
where
Obviously, we have
Then from Eqs. (12) and (6), we can conclude
The derivative of V (t) along the trajectories of Eq. (4) satisfieṡ
Furthermore, according to lemma 1, we have
Noting E T L = 0, we obtain 0 = 2
Then, combining manipulations Eqs. (13) - (18) yielḋ
By Schur complement, we can obtain (Ψ + dY U −1 2 Y ) < 0 from Eq. (5). Thus, we can deduce
2 Y ) > 0. Therefore, the system (4) is stable based on Definition 2. This completes the proof. 
Theorem 2 For a prescribed scalard > 0, the singular time-delay system (1) is robustly admissible for any constant time delay d satisfying 0 ≤ d ≤d, if there exit positive symmetric matrices
where Ξ 1 and L follow the same definitions as in Theorem 1, and
Proof Replacing A and A d with A + ∆A and A d + ∆A d respectively, LMI (5) can be expressed as
By Lemma 2, LMI (21) holds for any F (t) satisfying Eq. (3), if and only if there exists any scalar α > 0 such that
Applying the Schur complement, Eq. (22) is equivalent to Eq. (20) . 
where L ∈ R n×(n−r) is any matrix with full columns and satisfies EL = 0,
Proof We first consider the system (1) without uncertainties. Substituting the control law u(t) = Kx(t) into the system (1) with F (t) = 0 results in the following closed-loop system
Noting that the solutions to det(SE −(A + BK)−A d e −sd ) = 0 are the same as those of det(
−sd ) = 0, as long as the regularity, non-impulse and stability are concerned, we can consider the following system instead of Eq. (25)
By replacing E, A and A d with E T , (A + BK) T and A T d , and choosing
we can obtain the Eqs. (23) - (24) from Eqs. (5) - (6) . 1, 2, 3, 4) , S 1 , S 2 , S 3 , nonsingular matrix H 1 , any scalars β 1 , β 2 , α 1 > 0 and α 2 > 0 satisfying Eq. (24) and the following LMI    Ξ
Theorem 4 For a prescribed scalard > 0, the singular time-delay system (1) is robustly stabilizable for any constant time delay d satisfying 0 ≤ d ≤d, if there exit positive symmetric matrices
whereΞ 1 and L follow the same definitions as in Theorem 3, and 
By Lemma 2, LMI (28) holds for any F (t) satisfying Eq. (3), if and only if there exist scalars α i > 0(i = 1, 2), such that
Applying the Schur complement, Eq. (29) are equivalent to Eq. (27).
Examples
Example 1 Consider the following continuous singular time-delay system,
We solve the LMIs (5) - (6), and obtain the upper bound of d for the system to be admissible is 1.094. Table 1 shows the results obtained by some other references. It is obvious that the delay-dependent stability result in this paper is better than those in [18, 19, 20, 21, 22, 23, 24, 25, 26] . Example 2 Consider the following uncertain singular time-delay system,
, the uncertain matrices ∆A and
. By describing the uncertainties as [∆A,
, and letting L = [0 1] T , we can obtain the allowable values ofd that guarantee the regularity, non-impulse, and robustly stability of the unforced system (1) for variousδ, which are presented in Table 2 . The less conservatism of the theorems in this paper is obvious. (24) and (27), and obtain the following controller such that the closed-loop system to be robustly stable. 
Conclusions
In this research, the delay-dependent robust stability and stabilization for continuously singular time-delay systems with norm-bounded uncertainties are investigated. Based on a special Lyapunov functional, which includes some non-positive items, the new delay-dependent LMIs-based conditions are established for the singular time-delay system to be regular, impulse free, and stable. Then, by solving those LMIs, an explicit expression for the desired state-feedback controller is given. These conditions are also extended to the uncertain case. Finally, simulation results are given to show the effectiveness of the proposed methods.
